The non-isothermal crystallization kinetics of polypropylene (PP) reinforced with multiwalled carbon nanotubes (MWCNTs) and short glass fibres (GF) was studied by differential scanning calorimetry (DSC).
Introduction
Polypropylene (PP) is a commonly used thermoplastic material which has applicability in household, commercial and industrial sectors with favourable cost/performance ratio.
1
The non-isothermal crystallization kinetics of polymer composites has captured wide attention since most of the polymer processing techniques are carried out under nonisothermal conditions.
2, 3 The selection of llers to reinforce PP and control the mechanical and thermal properties of the resulting composite is crucial for technologists. The reinforcing llers in PP inuence the crystallization of (monoclinic, a), (hexagonal, b), (triclinic, Y) crystalline forms and the size and distribution of spherulites.
1 Being a nano ller, multiwalled carbon nanotubes (MWCNTs) exhibit considerable reinforcing potential and they act as excellent nucleating agents when incorporated in the polymer matrices. 4, 5 Additionally, the inclusion of microscale glass bre along with MWCNT in PP promotes heterogeneous nucleating effect and transcrystallization of PP chains surrounding the llers. 6, 7 The properties of polymer matrices can be tailored signicantly by the inclusion of micro, nano reinforcements. Besides, the physical, chemical and mechanical properties of polymer composites largely depend on the dispersion and distribution of llers in the matrix, the degree of crystallinity and crystallite orientation and size.
Valerio-Cárdenas et al. 1 reported the effect of polyanilinegraed short glass bre (PAN-g-SGF) on the crystallization kinetics of isotactic PP (iPP) under non isothermal conditions. The PAN-g-SGF accelerated the rate of crystallization of iPP signicantly. In another report 8 the heterogeneous nucleating effect of hemp bre was studied with the conclusion that bres could not accelerate the crystallization of PP. The observed behaviour was explained by assuming a large number of nucleating sites in presence of 30 wt% hemp bre which in turn hindered the PP macromolecular mobility and ultimately retarded the rate 9 of the enhancement of crystallization process. In another work, an increased nucleation density was observed in poly(butylene terephthalate) in presence of glass bres which resulted in higher crystallization in the nucleation of PP a crystals with the addition of MWCNTs as reported by Seo et al. 5 It was also described that non isothermal crystallization rate increased up to 4 wt% of CNTs and nucleation efficiency decreased at higher CNT content in PP. The reason for the decline in crystallization rate beyond optimum ller content was related to ller aggregation phenomena which restricted the formation of heterogeneous nuclei. 10 The accelerated crystallization rate of PBT based halloysite nanotube composites was discussed by Oburoglu et al. 11 It was also reported that nucleation activity and the crystallization rate was strongest at an optimum content of 2 wt% of silicon nitride (Si 3 N 4 ) nano particles in PP. 12 The incorporation of polystyrene (PS) functionalized single-walled carbon nanotubes (SWCNTs) led to the change in mechanism of nucleation and crystal growth of syndiotactic PS (sPS) and this effect was prominent at low loading of llers. 13 Many researchers have investigated the crystallization capabilities of PP containing nano or micro llers individually. The effect of synergistic inclusion of multi-scale (nano and micro) llers on non isothermal crystallization kinetics is not widely reported. The combined effect of carbon black and glass bre on the crystallization characteristics of polyamide 6,6 at various cooling rates was explored by Layachi et al. 2 An enhanced crystallization rate was achieved with the incorporation of glass bre and an additional effect was attributed due to the presence of carbon black. Another report 14 detailed the increase of crystallinity in presence of short carbon bres (SCF) dispersed in ultra high molecular weight polyethylene (UHMWPE) matrix. On the other hand, the crystallinity content decreased under the combined addition of silicon dioxide (SiO 2 ) nano particles. The interaction between the polymer chains and SiO 2 nano particles in UHMWPE/SCFs/SiO 2 composites could not promote heterogeneous nucleation.
14
There are no specic reports on the non-isothermal crystallization kinetics of PP/MWCNT/short glass bre multiscale ller reinforced composites. In this study, the non-isothermal crystallization kinetics of PP composites containing MWCNTs at varying percentages (1 to 5 wt%) and xed content of glass bre is studied by DSC analysis. As the mechanical properties of composites are greatly inuenced by the morphology and crystallization characteristics, the study of non-isothermal crystallization of PP/MWCNTs/GF composites is crucial to identify the optimal crystalline morphology. To realize the potential of MWCNTs in PP/GF micro composites we need to establish relationships from experimental data which explains crystallization behavior of the matrix. Various theoretical models like Avrami, Ozawa, Mo and Kissinger's models are being utilized to analyze the non isothermal crystallization kinetics at different cooling rates of PP composites. X-ray diffraction studies are carried out to examine the crystal structure of PP in the presence of nano and micro llers.
Experimental

Materials
Polypropylene granules (H200MA, Reliance, Mumbai, India) with a melt ow index of 20 g/10 min and melting temperature of 167. 7 C was used as the base matrix for composite preparation. The multiwalled carbon nanotubes functionalized with 1.5 wt% of -COOH were provided by United Nanotech Innovations Pvt. Ltd (India) with a specic surface area of 210 m 2 g À1 , average length 10-20 microns, outer diameter 20-30 nm and purity higher than 97%. Cylindrical glass bres of length and diameter approximately 3 mm and 10 mm respectively were used as the micro ller.
Composite preparation
Polypropylene and glass bres were preheated in a hot air oven at a temperature of 80 C for about 1 h before melt processing for the removal of moisture. A masterbatch of MWCNTs in PP (weight content of MWCNT in masterbatch being 12.5%) was prepared in a laboratory internal mixer maintained at 200 C and 100 rpm. It was then mixed with different proportions of PP and 20 wt% of glass bre and the dry blend was extruded in a counter rotating twin screw extruder (screw diameter: 25 mm and L/D ratio: 30 : 1).
The temperatures maintained at different zones of the barrel were 155, 170, 180, 210 and 220 C respectively from the feed to the die zone and a screw speed of 110 rpm was set for all runs. The extrudate pulled out of the die was quenched in a water bath at the exit of the extruder and the strands were then pelletized in a laboratory grinder. The control PP was also processed via melt mixing in twin screw extruder at the same temperature conditions from feed zone to die zone and set at the same screw speed as that for other composites. The composites were named as PP, PPC1, PPC3, PPC5, PPG, PPGC1, PPGC2, PPGC3, PPGC5 with respect to the weight percentage of each component in the composite as described in Table 1 .
All extruded strands were injection moulded in a Ferromatik Milacron-Sigma 50T injection moulding machine to prepare standard test specimens. Mould temperature was set as 60 C and the processing temperature was set in the range of 190-210 C.
Characterization methods
Scanning electron microscopy
The morphology of the composites was analyzed using JEOL JSM-6490LA scanning electron microscope (SEM). The sample surfaces were immersed in hot xylene maintained at a temperature of 80 C for about 10 minutes to remove the outer layer of PP in order to reveal the ller dispersion. Prior to the SEM analysis, all samples were coated with a thin (thickness 3 nm) palladium-gold layer. Moreover, the fracture surfaces of the composites failed aer tensile tests were also analyzed. 
Differential scanning calorimetry
Differential scanning calorimetry (DSC) were performed by a TA Instruments Q20 V24.10 Build 122 make device under non isothermal conditions. The specimens selected from injection moulded samples were heated up to 200 C, retained there for ve minutes in order to erase the unknown thermo mechanical history due to injection moulding. Subsequently, the samples were cooled down to room temperature at various cooling rates such as 5, 10, 15 and 20 C min À1 and aer crystallization the samples were again heated to 200 C. The rst cooling curve parameters are used to study the crystallization kinetics of samples and the second heating DSC curves are used to identify the melting temperature (T m ). The relative crystallinity of the PP phase was also estimated using the exothermic heat data obtained during the cooling scan.
For non-isothermal crystallization process, Kissinger proposed that the activation energy for the crystallization process could be evaluated using the expression (1) that relates cooling rate (R) and peak crystallization temperature (T c ).
where 'R u ' is the universal gas constant,'R' is cooling rate and 'DE' is the activation energy at different cooling rates. Integrating expression (1), nal expression (2) to estimate activation energy is obtained.
The slope of the plot of ln R T c 2 vs:
which activation energy could be calculated. The parameter named nucleation activity (f) explains the nucleating ability in the presence of llers in the polymer melt. 15 The value of nucleation activity ranges from 0 to 1 and lower 'f' value indicates stronger nucleant effect. In accordance with Dobreva and Gutzow 16,17 the activity of nucleating agent in polymer melts could be estimated as f ¼ B* B while B* and B are the parameters representing homogeneous and heterogeneous nucleation, respectively. The nucleation activity was estimated from the slope of the following equation.
where DT p is the temperature difference between melting (T m ) and peak crystallization temperature (T c ).
X-ray diffraction analysis
The crystal structure of PP, PPG and PPGC composites were analyzed by a wide angle X-ray diffractometer -Rigaku Ultima IV with X-ray source of Cu, operated at 40 kV/40 mA at continuous scanning mode of 2q from 10 to 90 with steps of 0.02 .
The XRD analysis was performed on compression moulded lms. In particular, the injection moulded samples were compression moulded in the hot press at 200 C under a pressure of 4 MPa for 150 s between Teon sheets. The moulded lms were then cooled to room temperature by water circulation at a cooling rate of about 20 C min À1 . Once the nano and micro scale llers are incorporated in PP matrix, due to high aspect ratio of MWCNTs available in the neighbourhood of glass bres have a tendency to wrap around glass bres develop mechanical interlocking and hold them rm within the matrix. Also PP chains can form complex entanglement around nanotubes and upon loading PP chains could stretch to its maximum and undergoes yielding. The effective surface area to volume ratio is high for nanotubes and hence PP chains could adhere and entangle more on nano scale CNTs than on micro scale glass bre. The morphology attained could enhance the crystallization properties which in turn improves the overall mechanical properties of the composites.
Results and discussion
Microstructure analysis
Mechanical properties
As shown in Table S1 † neat PP exhibits a tensile strength of 29 MPa. The inclusion of nano ller (content of 1, 3 and 5 wt%) alone in PP matrix could not improve the tensile strength and modulus to a greater extent. In addition the incorporation of 20 wt% of glass bres in PP matrix has signicantly improved the tensile strength by 43.5% and the Young's modulus of the composite has improved by 131%. The lowest value of strain at break (%) indicates the brittle characteristics of PPG composite while PPC composites show a more ductile behavior.
The stress strain plots of neat PP, PPC, PPG and PPGC composites are shown in Fig. 2 .
The addition of 3 wt% of carbon nanotubes in PPGC3 composite has raised the tensile strength by 76% with respect to neat PP and enhanced the modulus by 127%. The incorporation of MWCNTs in PPG composite has improved the strain% values at break which shows the semi ductile behavior of PPGC composites in comparison with PPG micro composite. This is due to the fact that the extremely exible PP chains could wrap around CNTs and stretch to its maximum. The increase in elongation at break for PPGC composites is a testimony for this inference. 
Non-isothermal crystallization
The non-isothermal crystallization exotherms of neat PP, PPG and PPGC composites at different cooling rates are shown in Fig. S1 . † The onset and endset temperatures (T o and T e ), peak crystallization temperature (T c ), crystallization half time (t 1/2 ), and half width of crystallization peaks (Dw) obtained from DSC cooling curves are summarized in Table S2 . † The melting temperature (T m ) is obtained from the second heating curves of thermal cycle in DSC analysis. The relative crystallinity of polymer matrix as a function of temperature (X c (T)) and time (X c (t)) at different cooling rates under non isothermal conditions could be estimated as reported in the following equations.
2,12,18
X c ðTÞ ¼
where 'H' is heat ow, t o and t e are start and end of crystallization time respectively. The absolute crystallinity of the polymer matrix in a blend or composite can be determined by the following equation.
19,20
where DH f is the enthalpy of fusion, DH 0 f is the enthalpy of fusion of pure crystalline PP (207 J g À1 ), 19 'w' is weight fraction of polymer in the composite.
From the values listed in Table S2 † it can be observed that the onset of crystallization and peak crystallization temperatures decrease with increasing cooling rate. The two prime factors affecting the crystallization of ller incorporated composites are (i) the restrictions of segmental polymer chain mobility and (ii) heterogeneous nucleation. The decrease in the mobility of polymer chains could impede the formation of a perfect crystalline structure and it reduces T c values. As the cooling rate increases, nucleation occurs at relatively lower temperatures and the number of nucleating sites also reduces. It is widely agreed that the heterogeneous nucleation could accelerate the motion of polymer chains and a consequent rise in T c . 14, 21, 22 The crystalline spherulites formed at lower temperatures possess more defects and are smaller in size and in turn leads to reduction in melting temperature (T m ). Depending upon the predominant factor (hindered mobility of polymer chains vs. heterogeneous nucleation) the crystallization behavior could be predicted.
At all the cooling rates both T o and T c values increase with the addition of glass bres in neat PP. This reveals that the glass bres act as nucleating sites and the nucleation and progression of crystallization occurs at higher temperatures which could lead to an increase in absolute crystallinity. The addition of MWCNTs in PPG composite further improved the onset and peak crystallization temperature which explains the synergetic effect of multiscale llers in promoting heterogeneous nucleation. The addition of MWCNTs provided large number of nucleation sites and promoted chain mobility resulting in increased T c . Hence T c for all PPGC composites have shied to higher temperatures with increase in MWCNT content. Beyond 2 wt% of MWCNT, there is a slight drop in T c of composites and this could be due to agglomeration of MWCNTs in the matrix at higher loading.
The variation of relative crystallinity of PP phase in the samples with respect to temperature and time at different cooling rates are shown in Fig. S2 and S3. † All curves in Fig. S2 and S3 † presents a characteristic S-shape which delineates initial slow rate of nucleation, followed by fast rate of nuclei growth. In the next stage the growth of the crystals are retarded by spherulites impingement.
14 The values of t 1/2 for PPG and PPGC composites are lower than that of virgin PP and this describes the enhanced crystallization rate of PP in the composites when compared to neat PP. At the same cooling rate the value of t 1/2 is lower for PPGC2 composite with regard to neat PP. The sharpness of peaks of crystallization indicated by 'Dw' value is higher for PPGC1 and PPGC2 composite in comparison with PP which further describes the faster crystallization rate of PPGC composites.
As shown in Fig. S2 † at higher cooling rates the curves shi to lower temperatures which indicate an insufficient time for the polymer chains to rearrange themselves during crystallization. Similarly, at higher cooling rates (Fig. S3 †) the decrement in crystallization time is related to the short time period available for the lamellas for an ordered arrangement, which ultimately leads to imperfect crystal formation.
14,21,22
In order to analyze the crystallization process induced by the incorporation of CNTs alone in the PP matrix, the thermal properties obtained from the DSC analysis for neat PP, PPC, PPG and PPGC composites at a single cooling rate (of 5 C min À1 ) are reported in Table 2 . It could be noticed that the inclusion of 3 wt% of MWCNTs enhanced T c (crystallization temperature) by 19 C. The main reason is the excellent nucleating ability of MWCNTs in the matrix which causes the accelerated growth of spherulites. The drop in T c beyond 3 wt% of nano llers is due to the formation of nano agglomerates. In comparison with microcomposite, nanocomposites show higher T c values owing to the fact that the MWCNTs provided accelerated transcrystallization than glass bres. Among the PPGC composites, PPGC2 exhibits maximum T c due to the synergistic nucleation offered by multiscale llers. The 'T o ' shiing to higher temperatures could be observed for PPGC composites than neat PP. A signicant decrease in T m À T c values were exhibited by PPC3 and PPGC2, which is suggestive of the accelerated crystallization process. The reduced Dw value of PPC and PPGC composites represents uniform crystal size distribution. The slight decrease in melting temperatures of composites is due to the disturbance caused in the crystalline regions of PP with the incorporation of nano and micro llers.
23
As reported in Table 2 , while nanocomposites are considered, the crystallization parameters are signicantly improved with respect to neat PP. The presence of nano llers alone in the matrix did not enhance tensile strength and modulus conspicuously. The positive effect of MWCNTs was an improvement in the ductility as evidenced in the case of PPC3 and PPC5 with regard to micro composite (PPG). In a larger perspective, the nano llers are expensive and although they could impart some specic properties the agglomeration tendency prevails beyond 3 wt%. On the other hand, glass bres incorporated in PP matrix (PPG micro composite) are cost effective and improves the strength, stiffness and rigidity but at the cost of ductility and toughness. In multiscale composites the entanglement of nano llers at the interface between micro scale llers and matrix could greatly enhance the interfacial strength. The effective nano ller-micro ller network can trap polymer chains and thus segmental mobility of the chains is greatly reduced. In the applications where high modulus and strength is required catastrophic brittle fracture would be unacceptable. In such situations the synergy of micro and nano llers has immense signicance and they can coexist in polymer matrix to produce multiscale ller reinforced composites.
The Avrami equation
The classical Avrami equation is generally used to explain the primary stage of crystallization under isothermal conditions. It elucidates the variation in relative crystallinity of the polymer with crystallization time as presented in eqn (7).
5,14,24
where 'Z' is a crystallization rate constant, X c (t) is the relative degree of crystallinity at time 't' and 'n' is the Avrami exponent, which is inuenced by type of nucleation and crystallite dimension. 2, 14 The logarithmic form of eqn (7) can be represented as:
In the plot of (Àln(1 À X c (t))) versus log t, if the data follow a linear trend, 'n' represents the slope and log Z represents the intercept.
To extend the application of Avrami model to nonisothermal crystallization characteristics of polymers Jeziorny 24 modied the model assuming that non isothermal crystallization is a synergy of innitesimally small isothermal steps. The modied Avrami model can be represented by eqn (9) and crystallization rate constant Z c could be evaluated. Fig. 3 shows Avrami plots of neat PP and composites at varying cooling rates. The curves are almost parallel to each other but they do not follow an exact linear relationship. However, the linearity obtained at the initial portion of crystallization curves are used to estimate Avrami and Jeziorny's kinetic constants and are presented in Table S3 . †
The increase in Z c values with increasing cooling rates describes the higher crystallization rate. 2 The average of Avrami exponents for virgin PP and PP composites were 1.62, 2.11, 2.32, 2.87, 3.1 and 2.73 respectively. Avrami exponent increases with the addition of glass bre and MWCNTs and decreases at higher content of 5 wt% of CNTs. This explains that heterogeneous nucleation is promoted by the presence of multiscale llers. 25 The results show that MWCNTs have an important role in nucleating PP crystals under non-isothermal conditions. At low cooling rate of 5 C min À1 crystallization rate increases up to 2 wt% of MWCNTs and a slight decrease in nucleation efficiency can be observed beyond that. This decrease in the crystallization rate constant may not be due to change of crystallization mechanism like type of nucleation and geometry of crystal growth. This might be due to aggregation of nanotubes at higher concentrations which leads to a reduction in the number of heterogeneous nucleation sites.
10 However, at higher cooling rates, the crystallization rate constant increases with the addition of llers and then it decreases or remains almost constant even at higher ller content. At the same cooling rate, Z c values of PPG and PPGC Table 2 Thermal properties of neat PP, PPC, PPG and PPGC composites at a cooling rate of 5 C min composites are higher in comparison to neat PP which explains that crystallization rate constant was improved by the presence of glass bres when added individually and also in combination with CNTs.
Ozawa model
The crystallization rate of polymers could also be estimated using the Ozawa model. According to this model the relative degree of crystallinity X(T) at temperature 'T' for non-isothermal crystallization at constant cooling rate can be estimated as follows.
2,3,14
The linearization of eqn (10) results in eqn (11)
where 'K(T)' is cooling crystallization function, 'm' is the Ozawa exponent which depends on the mechanism of nucleation and crystal growth dimension and 'R' is a cooling rate constant. The slope and intercept of Ozawa model represented by eqn (11) corresponds to the Ozawa exponent 'm' and log K(T) respectively. Fig. 4 reports the Ozawa plots of log[Àln(1 À X(t)] vs. log R at different temperatures between T o and T e . Ozawa model could describe the crystallization behaviour if the plots of log[Àln(1 À X(t)] vs. log R exhibits linearity. 8 It is observed from the plots that the presence of llers changes the crystallization mechanism and linearity could not be observed in all curves. The curvature obtained in the plots relative to neat PP and PP composites suggests that Ozawa model is not suitable for describing the crystallization kinetics of the investigated materials.
In fact, the transcrystallization effect of PP chains around glass bres and MWCNTs and the effect of secondary crystallization at the later stages of crystallization are not fully captured by the Ozawa model. At different temperatures between T o and T e , the crystallization kinetics induced by glass bres and MWCNTs could not exactly match the behavior predicted by Ozawa model. At a specied temperature between T o and T e , the crystallization process at various cooling rates are at different stages and thus linearity is not followed. 26 At temperatures close to the onset of crystallization, linearity is manifested whereas at the intermediate stages of crystallization, when rate of nucleation is high, deviation occurs from linearity. This witness the complexity in crystallization mechanism induced by the llers.
Mo's model
By combining Ozawa and Avrami equations, Mo et al. 27 suggested a model for explaining the non-isothermal crystallization kinetics.
log R ¼ log(F(T)) À a log(t)
where FðTÞ ¼ KðTÞ Z
1=m
; a ¼ n m F(T) refers to a value of the crystallization rate in cooling chosen at unit crystallization time at a specic degree of crystallinity and 'a' is the ratio of Avrami to Ozawa exponent. 14, 28 The linearized model represented by eqn (13) gives the slope and intercept which corresponds to 'a' and log F(T) respectively.
The non-isothermal crystallization kinetics of PP and MWCNT reinforced PP/glass bre composites are accurately accounted by the Mo's model. It could be observed from Fig. 5 that for neat PP and PP composites a perfect linear relationship is obtained by plotting log R vs. log t. Table S4 † lists the kinetic parameters F(T) and a obtained from the Mo's model. It is observed that F(T) and a increases with increase in percentage relative crystallinity. The smaller values of F(T) depicts higher crystallization rate demonstrating that the inclusion of glass bres and MWCNTs accelerates the crystallization rate.
Experimental results show a good tting with Mo's model conrmed by the higher R 2 values obtained from the linear plots of log R vs. log t. At a certain relative crystallinity a higher F(T) value indicates the need of a higher cooling rate to reach that specic relative crystallinity in unit time which also explains the possibility of a complex crystallization process. 11, 29, 30 Comparing the 'a' values, neat PP exhibits lower values when compared to PP composites. Since a ¼ n/m, the PP composites reinforced with both glass bres possess higher 'n' values and consequently 'a' values are higher for them. However, the observed decreased 'a' values induced by the addition of MWCNTs explains the complexity of crystallization geometry of those composites. 31 explained that the magnitude of activation energy is related to the energy that is required for the movement of polymer chains when transformed from the melt to the crystalline state. A higher value of DE is indicative of the higher release of energy occurring during cooling suggesting difficulties in the motion of polymer chains during crystallization. PP is higher than that of PPG and PPGC composites which is an evidence of the difficulty in rearrangement of PP chains leading to lowest crystallization rate. On the other hand, due to the heterogeneous nucleation effect of llers in PPGC composites, the overall crystallization rate has been enhanced which shows lower DE values. The dispersion of 5 wt% of MWCNTs reduces the crystallization rate due to the large number of nucleation sites and in turn restricts PP macromolecular mobility in composites.
Nucleation activity
The plots of ln R vs. varying MWCNT content in PPGC composites is presented in Fig. 6 . The microcomposite PPG is considered as the as the base matrix in this case and the activity is estimated for MWCNT's varying from 1 to 5 wt%. It was found that the activity values are lower for the PPGC composites containing 2 wt% MWCNTs. It is evident that an increase in MWCNT content causes an increase in the formation of PP crystal sites. This is further substantiated with lower value of 'f' suggesting that MWCNTs exhibit good nucleation properties in PP. Similar trend in nucleation activity was observed in the study involving PP/lignin/SiO 2 composites.
15
Nevertheless, the nucleation activity does not increase at higher concentration of MWCNTs. The strongest nucleation activity was observed at an optimum MWCNT content of 2 wt%. The inclusion of MWCNTs up to an optimum level in the micro composite system would have reduced the work required for arrangement of polymer chains and reduced size of crystals. Palza et al. 33 also reported that the addition of low amount of nano ller increased the nucleation density and spherulites growth to a great extent.
X-ray diffraction analysis
It is well known that PP can crystallize in monoclinic (a form), trigonal (b form) and triclinic (Y form). The inuence of crystallization conditions strongly affects the diffraction reexes. In the diffraction spectra of PP, the 'a' peaks appear at 14. 
34
The d spacing between atomic planes of 'a' form crystals (d hkl ) could be estimated using the Braggs eqn (14) .
where 'n' is the order of diffraction, 'l' is the wavelength of incident X-ray radiation, hkl represents miller indices of the crystal planes and q hkl being the Bragg's angle. The size of the crystallites (L hkl ) in a direction perpendicular to the lattice planes can be calculated using Debye-Scherer eqn (15) .
where Scherer constant 'k' is dependent on shape, size and distribution of crystallites (shape factor k, is assumed to be 0.9 in this study), b hkl is the full width at half maxima obtained from the peaks at respective 2q angles.
As shown in Fig. 7 , the peaks observed for PPG micro composite are of very low intensity and sharpness. The broader peaks refer to the smaller size of the crystallites grown at the respective 'a' planes. The crystallite size L hkl obtained for the different diffraction peaks were 9.9 nm, 12. , respectively. The crystal sizes obtained for PPGC3 were slightly higher than those of PPGC2. At an higher loading of 5 wt% of MWCNT s (PPGC5) the sharpness and the intensity of peaks increased slightly in comparison with PPGC2 and PPGC3. Furthermore, crystal sizes for PPGC5 increased dramatically at all a planes which could be attributed to the formation of coarse structured crystals. As the composition of nano ller increases, agglomerates are generated and effective number of nucleating sites decreases leading to the formation of large and coarse crystallites.
Conclusions
From this study of non-isothermal crystallization kinetics of PP reinforced with glass bre and MWCNTs yielded the following conclusions.
The peak crystallization temperatures of PP phase in the composites are higher than that of neat PP at all cooling rates. The crystallization rate of PP increases with incorporation of llers at all cooling rates as detected from the reduction in the half time for crystallization (t 1/2 ). It was found that the nucleating effect is pronounced when the content of MWCNTs reaches 2 wt%.
The crystallization kinetics of the composite samples was analyzed using Avrami, Ozawa and Mo's models. It was observed that as the cooling rate increases, the Z c values rises. At the same cooling rate, Z c of PPG and PPGC composites were higher than Z c of neat PP. According to Avrami model the experimental results obtained at the initial stages of crystallization correctly explains the non-isothermal crystallization behavior but deviates signicantly at the later stages. Ozawa model resulted to be not suitable to explain the non-isothermal crystallization kinetics of the present system. In fact, the nonlinearity obtained in the Ozawa plots makes it difficult to apply in crystallization studies of PPGC composites.
Mo's model resulted to be capable to efficiently model the non-isothermal crystallization kinetics of neat PP and relative composites. The lower values of F(T) and perfect linearity of the plots enable the Mo's model to explain the synergistic effect of MWCNTs and glass bre on the crystallization of PP.
The nucleation effect of PPGC composite with MWCNT content of 2 wt% (PPGC2) exhibited the maximum work View Article Online decrement of 27% in comparison with PPG composite. The results of effective energy barrier of crystallization (DE) revealed the inuence of llers on the mobility of PP chains. The lowest activation energy was obtained for PPGC2 composite and it increased both above and below that concentration of MWCNT. The nucleating activity value was the lowest for PPGC2 making it the optimum amongst the PPGC composites in enhancing the crystallization of PP. XRD analysis demonstrated no signicant shi of diffraction reexes which indicated that PP crystal lattice planes were not changed with the inclusion of multiscale llers. The incorporation of ller content increased the number of nucleating sites and reduced the crystallite sizes. Beyond 5 wt% of MWCNT larger size crystallites were formed.
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